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PsaFIn this work we address the question whether light-induced changes in the Mg(II) content in the chloroplast
lumen can modulate the electron donation to photosystem I, in particular the electrostatic interaction between
plastocyanin (Pc) and the photosystem 1 subunit PsaF. For this, we have used 2DNMR spectroscopy to study the
binding of Mg(II) ions and the isolated luminal domain of PsaF to 15 N-labelled Pc. From the chemical-shift per-
turbations in the 1H-15 N HSQC spectra, dissociation constants of (4.9±1.7)mMand (1.4±0.2)mMwere deter-
mined for the Pc-Mg(II) and Pc-PsaF complexes, respectively. In both cases, signiﬁcant chemical-shift changes
were observed for Pc backbone amide groups belonging to the two acidic patches, residues 42–45 and 59–61.
In addition, competitive effects were observed upon the addition of Mg(II) ions to the Pc-PsaF complex, further
strengthening that Mg(II) and PsaF bind to the same region on Pc. To structurally elucidate the Mg(II) binding
sitewe have utilizedMn(II) as a paramagnetic analogue ofMg(II). The paramagnetic relaxation enhancement in-
duced by Mn(II) results in line broadening in the Pc HSQC spectra which can be used to estimate distances be-
tween the bound ion and the affected nuclear spins. The calculations suggest a location of the bound Mn(II)
ion close to Glu43 in the lower acidic patch, andmost likely in the form of a hexaquo complex embedded within
the hydration shell of Pc. The results presented here suggest a speciﬁc binding site for Mg(II) that may regulate
the binding of Pc to photosystem 1 in vivo.yranoside; Pc, plastocyanin;
etic relaxation enhancement;
sson).
rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Chloroplasts contain a constant amount of magnesium ions,
18 mM in the case of spinach plants grown under normal condi-
tions [1]. However, the ions are not distributed evenly between the
stroma and the lumen. In the dark, the concentration is higher in
the latter compartment, while a redistribution occurs upon illumina-
tion. The light-driven translocation of protons into the lumen is ac-
companied by a release of Mg(II) ions to the stroma. This increase
in stromal concentration, together with thioredoxin-mediated reduc-
tions of protein disulﬁde bridges, leads to a stimulation of several of
the Calvin-cycle enzymes [2].
One may speculate whether the light-induced changes in Mg(II)
concentration also inﬂuence reactions in the lumen. Indeed, it is
well known that the in-vitro rate of electron donation from plastocy-
anin (Pc) to photosystem I (PSI) depends strongly on the concentra-
tion of divalent cations such as Mg(II) and Ca(II), being optimal atabout 5 mM around pH 7 [3–8]. The activity drops at lower and
higher concentrations, being half-maximal at about 1 and 30 mM, re-
spectively. Although the concentration dependence is often depicted
as an ionic-strength dependence, it is clear that there is a difference
between monovalent (such as sodium and potassium) and divalent
cations with the former having an optimum at a higher ionic strength
[3, 6, 7]. The cation-induced stimulation below the optimum has been
well explained by a shielding of the negative surface charges on
the membrane by cations of different valence [6, 7]. In this work
we focus on the inhibitory effect occurring above the optimum,
for which the experimental results indicate a speciﬁc binding of Mg
(II) ions to Pc, leading to a weak afﬁnity to PSI at high Mg(II)
concentrations.
Mg(II)-induced effects on the Pc electron self-exchange [9] and re-
duction (redox) potential [10] have also been attributed to a speciﬁc
binding rather than a general ionic-strength effect. Likely candidates
for such Mg(II)-binding sites are the acidic patches that are formed
by the residues 42–45 and 59–61 which are negatively charged
around neutral pH and above. These residues are highly conserved
in Pc from eukaryotic photosynthetic organisms. Indeed, the muta-
tions E60Q and E60K in the upper acidic patch of spinach Pc counter-
act the inhibitory effect of Mg(II) ions on the electron donation to PSI
[5]. Similar counteracting effects have been reported for Silene praten-
sis Pc that had been genetically modiﬁed in the lower acidic patch
(residues 42–45) [11].
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hydrophobic patch close to the copper site of Pc, both in eukaryotic
and in Pc-containing prokaryotic organisms. Electrons are transferred
through the Cu-ligand H87, situated in the middle of the hydrophobic
patch, to P700, the reaction-centre chlorophyll of PSI [12–15]. How-
ever, in eukaryotic organisms there is an additional interaction
which involves the acidic patches. Several lines of evidences suggest
that negatively charged residues in these patches form salt bridges
with positively charged residues on the PSI subunit PsaF [4, 5, 11,
16–19], further strengthening the binding to PSI. For example, it has
been shown that an extended lysine-rich region on PsaF enhance
the electron donation to PSI in plants by a hundred-fold in compari-
son to prokaryota [17]. In cyanobacteria, Pc lacks the acidic patches
and there is no protruding lysine-rich region on PsaF and therefore
the precise electrostatic interaction between Pc and PSI is missing.
Thus, one may hypothesize that a speciﬁc binding of Mg(II) ions to
Pc can compete with the binding to PsaF and thus have a regulatory
role in eukaryotic organisms in vivo. To our knowledge, this regulat-
ing mechanism has not been proposed before.
Most studies of the interaction between Pc and PSI have been
made with kinetic methods, such as ﬂash-induced time-resolved ab-
sorption spectroscopy [3–8, 11, 13–19]. From the observed electron-
transfer rate one can estimate the strength of binding between Pc
and PSI and its weakening by inhibitors. The interpretation depends
on the model used for the interaction but generally the overall elec-
tron-transfer rate increases with the binding strength. In this work
we have utilized a more direct method where the binding of Mg(II)
ions to Pc has been investigated with two-dimensional NMR spec-
troscopy. We report signiﬁcant Mg(II)-induced diamagnetic pertur-
bations of the 1H-15 N HSQC cross peaks associated with certain
backbone amide groups of 15 N-labelled Pc. These shifts indicate a
speciﬁc binding site and also enable us to estimate dissociation con-
stants (the inverse of the binding constants). The binding of the lumi-
nal domain of PsaF [20] results in a different 1H-15 N HSQC spectrum
which changes to the Mg(II)-induced spectrum upon addition of a
large excess of the cation. Furthermore, we show with EPR spectros-
copy that Mn(II) ions can be used as analogues of Mg(II) ions, exhibit-
ing binding to Pc of comparable strength. The employment of Mn(II)
was important in early studies of Mg(II)-dependent enzymes, such as
kinases, where the similar ionic radius and the paramagnetic proper-
ties of the Mn(II) ion made it a suitable probe [21, 22]. The isotropic g
tensor of Mn(II) does not lead to any paramagnetic shifts in NMR and
this, in combination with its slow electron-spin relaxation, makes the
ion particularly useful in modern paramagnetic relaxation-enhance-
ment (PRE) studies [23]. Here we use the Mn(II)-induced PRE of the
Pc backbone amide protons to determine a possible location of the
bound Mn(II) ions.
2. Theory
2.1. Binding equilibria
In studies of ligand-binding to proteins there is a possibility that
the ligand also can bind to buffer molecules. Binding of Mg(II) and
Mn(II) ions to Pc is rather weak, with dissociation constants in the
millimolar range. Then the binding of Mn(II) to phosphate ions
(HPO42-) is a signiﬁcant competing process at pH values around six.
We consider three equilibria: Binding of metal ion (L) to protein mol-
ecules (P) and to HPO42- (B) and protonation of B, with dissociation
constants Kd, Kb and Ka, respectively. This leads to the following gen-
eral relation between the concentration of free ligand [L] and the total
concentration of ligand [L]tot:
L½ tot
L½  ¼ 1þ
P½ tot
Kd þ L½ 
þ B½ tot
K
0
b þ L½ 
ð1Þ[P]tot and [B]tot denote the total concentrations of protein and buffer
molecules, respectively, and the effective buffer dissociation constant
Kb' for metal ion is given by
K ′b ¼ Kb 1þ H
þh i
=Ka
 
ð2Þ
For Mg(II) and Mn(II) ions in phosphate buffer we use the Kb
values 14.8 and 3.55 mM, respectively, and pKa=6.75 [24].
2.2. NMR titration with Mg(II)
For Mg(II) ions in phosphate buffer at pH 6.0 one obtains
Kb'=97.9 mM from Eq. 2 and at the buffer concentration used in this
work, [B]tot=20 mM, the last term in Eq. 1 becomes small. In this
case we will set it to zero meaning that binding of Mg(II) ions to
phosphate buffer is disregarded. At low Pc concentrations ([P]totbb
[L]) one has then [L]≈ [L]tot and the fraction of Pc with a metal ion
bound at a single site can be approximated with a hyperbolic func-
tion:
pB ¼
PL½ 
P½ tot
¼ L½ 
Kd þ L½ 
≈ L½ tot
Kd þ L½ tot
ð3Þ
The second equality is obtained with Kd=[P][L]/[PL] where [PL] is
the concentration of Pc with bound metal ion. For several inequiva-
lent and independent binding sites one may write pB as a sum of hy-
perbolic functions with different Kd values.
In this work we observe a continuous change in the chemical shift
of the 1H-15 N cross peaks from the Pc backbone amide groups upon
addition of Mg(II) ions. This suggests that the rate of exchange be-
tween free and bound Mg(II) is fast on the NMR time scale, that is
kex≡kon Kd þ L½ ð Þ≫Δω ¼ ωB−ωA ð4Þ
Here Kd=koff/kon andωA andωB are the Larmor frequencies of the
observed nuclear spin in the absence of metal ion and with a bound
metal ion, respectively. Then the observed Larmor frequency is
expected to increase with pB according to [23, 25]
ωobs ¼ ωA þ pBΔω ð5Þ
The Mg(II)-induced perturbations of the chemical shift were con-
sidered signiﬁcant if the combined chemical shift, ΔδNH, was larger or
equal to two data points. ΔδNH was determined from the individual
shifts (in data points) in the 15 N (ΔδN) and 1H (ΔδH) dimensions
according to
ΔδNH ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Δδ2N þ Δδ2H
q
ð6Þ
2.3. EPR titration with Mn(II)
The binding of Mn(II) ions to phosphate ions is stronger than
for Mg(II) ions. Eq. 2 gives Kb'=23.5 mM at pH 6.0, and since
[B]tot=20 mM under our conditions, the last term in Eq. 1 cannot
be ignored for Mn(II) ions. However, at the low Mn(II) concentration
used in the EPR titration, [L]tot=50 μM, [L] can be neglected com-
pared to Kd and Kb' on the right-hand side of Eq. 1. The fraction of
free Mn(II) ions monitored by EPR upon addition of Pc will then be
given by the following hyperbolic function:
L½ 
L½ tot
¼ Kd
K ′d þ P½ tot
ð7Þ
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is
K ′d ¼ Kd 1þ B½ tot=K ′b
  ð8Þ
Since binding of Mn(II) ions to Tris molecules is weak one may ap-
proximate Kd' with Kd in Eq. 7 for this buffer.
2.4. NMR titration with Mn(II)
The NMR titration with Mn(II) was made at a constant Pc concen-
tration with varying amounts of Mn(II) ions. The binding of the latter
to the phosphate buffer has to be taken into account but the low con-
centrations used, [L]tot ≤ 0.2 mM, allow the same approximations to
Eq. 1 as in the EPR case. At low Mn(II) concentrations the fraction
pB of Pc molecules with a bound Mn(II) ion (Eq. 3) may be further ap-
proximated to a relation linear in the total Mn(II) concentration,
[L]tot:
pB≈
L½ 
Kd
≈ L½ tot
K ′d þ P½ tot
ð9Þ
2.5. PRE by Mn(II)
The absence of orbital angular momentum in high-spinMn(II) leads
to an isotropic g value and a lack of paramagnetic (pseudo-contact)
shifts of neighboring nuclear spins [21, 23]. However, the nuclear
spins may experience a paramagnetic relaxation enhancement (PRE)
by the Mn(II) ions. Since Δω is zero, one infers from Eq. 4 that the rate
of exchange (kex) between free and bound Mn(II) ions is fast. The
observed NMR line width (FWHM in Hz) for a certain nuclear spin is
then expected to increase with pB according to [23, 25]
w ¼ R2A=πþ pBR2dd=π ð10Þ
R2A is the transverse relaxation rate of the nuclear spin in the ab-
sence of Mn(II) and R2dd is the PRE due to interactions with a bound
Mn(II) ion. The PRE is dominated by the dipole-dipole interaction
and is given by the Solomon-Bloembergen Eqs [23, 25]:
R2dd ¼
d2
15r6
S Sþ 1ð Þ 4J 0ð Þ þ 3J ωIð Þ½  ð11Þ
S=5/2 is the electron spin of Mn(II),ωI=−γIB0 is the Larmor fre-
quency of the nuclear spin and r is the distance between the spins.
The constant d and the spectral density J(ω) are given by
d ¼ μ0
4π
γIgβ ð12Þ
J ωð Þ ¼ τ
1þ ωτð Þ2 ð13Þ
Here β is the Bohr magneton and τ is the effective correlation
time. The latter has contributions from the transverse relaxation of
the electron spin (R2S), the rotational correlation time of Pc (τrot)
and the exchange rate constant (kex):
τ−1 ¼ R2S þ τ−1rot þ kex ð14Þ
From Eq. 4, assuming a diffusion-controlled binding with kon ≤
1011 M-1 s-1, a Kd of 0.34 mM determined from the EPR titrations
reported here and [L] ≤ 0.2 mM, one may estimate that kex ≤
6.4∙106 s-1. Thus, since τrot=4.6 ns for Pc at the temperature used
here [26], kex can be neglected in Eq. 14.The isotropic g value and lack of a permanent zero-ﬁeld splitting
and other low-lying excited states makes high-spin Mn(II) a slow re-
laxer with relaxation times comparable to τrot for small proteins [21].
The relaxation is dominated by a modulation of the zero-ﬁeld split-
ting by rapid collisions of solvent molecules [27]. Although multiex-
ponential relaxation is generally expected for systems with SN1, it
has been shown that monoexponential relaxation is a good approxi-
mation with R2S given by [28]:
R2S ¼
D2
75
4S Sþ 1ð Þ−3½  3J 0ð Þ þ 5J ωSð Þ þ 2J 2ωSð Þ½  ð15Þ
Here, ωS=2πgβB0/h is the electron-spin Larmor frequency (h is
Planck's constant). The spectral densities are as deﬁned in Eq. 13
but with τ replaced by a correlation time τv that characterizes the
transient zero-ﬁeld splitting. D is the root-mean-square value of the
latter. τv can be interpreted as the mean time between collisions by
solvent molecules and is of the order of a few ps. At high magnetic
ﬁelds, for example B0=18.8 T in an 800 MHz NMR spectrometer,
the ﬁeld-dependent spectral densities become negligible and, since J
(0)=τv, one gets to a good approximation
R2S ¼ 32=25ð ÞD2τv ð16Þ
At low magnetic ﬁelds, for example B0=0.34 T in a X-band EPR
spectrometer, all spectral densities can be approximated with τv
and one gets
R2S0 ¼ 10=3ð ÞR2S ð17Þ
Values of D=0.022 cm-1 and τv=2.2 ps have been determined
for hexaquo Mn(II) [29] giving a relaxation time of 1/R2S=11 ns in
the high-ﬁeld limit and 1/R2S0=3.3 ns at a X-band EPR magnetic
ﬁeld. Two well-characterized examples of protein-bound Mn(II) are
pyruvate kinase and carboxypeptidase A [28, 30] for which values of
9.3 and 4.4 ns, respectively, can be calculated for 1/R2S from the pub-
lished data. We choose the latter system as a model for Pc-bound Mn
(II) since such a relaxation is fast enough to explain why the room-
temperature EPR signal from Mn(II) disappears upon binding to Pc
(see Results).
In addition to the PRE from bound Mn(II) ions there is also an en-
hanced relaxation by Mn(II) ions that randomly collide with the pro-
tein, so called solvent PRE [23]. This may be taken into account by
adding a term proportional to [L]tot to Eq. 10. The increase in the
NMR line width for a certain nuclear spin upon increasing the Mn
(II) concentration will thus be given by
dw
dc
¼ w0 þw1=r6 ð18Þ
Here c=[L]tot and w0 accounts for the solvent PRE while w1 is de-
termined from Eqs. 9–13, neglecting the J(ωI) term at high magnetic
ﬁeld:
w1 ¼
7
3π
∙ τd
2
K ′d þ P½ tot
ð19Þ
d is given by Eq. 12 with g=2.0. From the experimental condi-
tions [P]tot=0.85 mM and from the EPR titration Kd'=0.64 mM.
Using τrot=4.6 ns [26], 1/R2S=4.4 ns and neglecting kex (see
above) one gets τ=2.2 ns from Eq. 14. A model function similar to
Eq. 18 was recently used in NMR studies of Cu(II) binding to ubiquitin
[31].
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3.1. Materials
Oligonucleotides 5’-GGTATACCATGGTAGAGGTGTTGCTCGGAGG
(sense), 5’-CTCGAGGATCCTTAGTTGACAGTTACTTTTCCCACC (anti-
sense) and 15 N-enriched NH4Cl (N98%) were purchased from Invitro-
gen. Expression vector pET16b and Escherichia Coli strain BL21 (DE3)
competent cells were obtained from Merck Novagen. Restriction en-
zymes (NcoI and BamHI) and T4 DNA-ligase were obtained from Fer-
mentas. QIAquick® Gel Extraction Kit, QIAquick® Spin Miniprep kit,
QIAquick® PCR Puriﬁcation kit and TopTaq™ DNA Polymerase were
purchased from Qiagen. S-100 Sephacryl column was obtained from
Pharmacia. Vivaspin concentration tubes (cutoff, 5 kDa) were pur-
chased from Vivascience (Hannover, Germany). 10-20% Criterion Tris-
Tricine gels were obtained from Bio-Rad. Isopropyl-β-D-1-thiogalacto-
pyranoside (IPTG) free of dioxane and Agarose were purchased from
Saveen Werner AB. Phenylmethylsulphonylﬂuoride (PMSF) (N99%)
was obtained from Sigma-Aldrich. Cu(NO3)2, MnSO4, MgCl2, yeast
extract and peptone used for stock solutions and growth media
were from Merck. All other chemicals used for buffer solutions were
of pro-analysis quality.
3.2. Cloning and preparation of plastocyanin and the luminal domain of
PsaF
For the production of 15 N-enriched Pc, the protein was over-
expressed using a pET-expression vector including the T7-promotor
in a DE3 lysogene expression host. Cloning, expression and puriﬁca-
tion of Pc was done essentially as previously described [32].
In short, the codon-optimized gene encoding for spinach Pcwas iso-
lated from pUG223tr [33] using the primers 5’-GGTATACCATGGTA-
GAGGTGTTGCTCGGAGG (sense) and 5’-CTCGAGGATCCTTAGTTGACA
GTTACTTTTCCCACC (antisense) including NcoI and BamHI cleaving
sites. Ampliﬁcation and cloning into pET16b was a straight-forward
procedure using standard protocols. The cloning was evaluated by
DNA sequencing (MWG, Martinsried, Germany).
Newly transformed BL21 cells were grown in 2xYT broth to
OD600=0.6-1 after which Pc was over-expressed by induction at
30 °C with 1 mM IPTG. For the production of 15 N-enriched Pc samples,
cells were grown on minimal media using 15 N-enriched NH4Cl as the
sole nitrogen source. Cell lysiswas donewith a French press and the sol-
uble protein extract was isolated by centrifugation. The puriﬁed protein
sample was obtained after two runs on a DEAE32 anion-exchange col-
umn under reducing and oxidizing conditions, respectively, followed
by size-exclusion chromatography (S100 Sephacryl). The degree of pu-
rity was veriﬁed by SDS-PAGE and UV–vis spectrocopy. The absorbance
ratio A278/A597 was found to be 1.2-1.4. The concentration of Cu-con-
taining Pc was determined from the absorbance at 597 nm under oxi-
dizing conditions using ε597=4700 M-1 cm-1 and the total Pc
concentration (Cu-Pc plus apo-Pc or Zn-Pc) was determined by multi-
plication with the above absorbance ratio [33].
The luminal domain of PsaF, encompassing amino-acid residues
1–79, was isolated as previously reported [20] but with the modiﬁca-
tion that a TEV protease was used instead of factor Xa for cleaving of
the thioredoxin-PsaF fusion protein [34].
3.3. NMR spectroscopy
1H-15 N HSQC spectra were recorded on a Varian INOVA 800 MHz
spectrometer at 30 °C for the titrations of Pc with Mg(II) or Mn(II).
The samples contained Pc at a constant concentration (see the ﬁgure
legends) in 20 mM phosphate buffer (pH 6.0), 10% D2O, MgCl2 or
MnSO4 at varying concentrations (0–20 and 0–0.2 mM, respectively)
and sodium ascorbate at ten times the Pc concentration. The condi-
tions were changed slightly in the titrations of Pc with PsaF in orderto prevent aggregations: The spectra were recorded at 25 °C and the
buffer consisted of 25 mM phosphate (pH 7.5), 10% D2O, 10 mM
NaCl and sodium ascorbate at ten times the Pc concentration and
the PsaF concentration was varied between 0–3 mM. The data were
acquired using 1024 complex points in the 1H dimension and 512
(256 in the case of PsaF) complex points in the 15 N dimension with
sweep widths of 13 and 3 kHz, respectively. Processing was done
with the software nmrPipe [35] using the following scheme: After
applying a solvent ﬁlter and a cosine-bell weighting function fol-
lowed by zero-ﬁlling, the FID was transformed to the frequency
domain by FFT. First-order polynomial baseline correction was done
to get the ﬁnal spectra. Visualization, ﬁtting of Lorentzian line shapes
to the peaks and plotting of spectra were done with Sparky [36].
3.4. EPR spectroscopy
X-band CW-EPR spectra were recorded at room temperature on a
Bruker Elexsys E500 spectrometer operating at 9.3 GHz, using a mod-
ulation amplitude of 1.5 mT and a microwave power of 15 mW. The
samples contained Pc at varying concentrations (0–0.7 mM) in
20 mM phosphate buffer (pH 6.0) or in 20 mM Tris buffer (pH 7.0),
together with sodium ascorbate at ten times the Pc concentration
and 50 μM MnCl2. The samples were loaded into the spectrometer
cavity using a Bruker AquaX sample cell. Rigorous washing between
samples was checked with control spectra. The total intensity of the
six hyperﬁne lines from high-spin Mn(II) was digitized with the Bru-
ker Xepr software. Some measurements were performed on a Varian
E9 spectrometer with similar settings as above but using a quartz-
capillary tube for the samples.
3.5. Data analysis and modeling
Pc backbone HN coordinates were obtained by addition of hydrogen
atoms to the crystal structure of Pc (PDB-ﬁle 1AG6) [37] with the help
of PyMOL. The latter software was also used for 3D rendering. Curve-
ﬁtting and plotting of data was done with Matlab (MathWorks) and
Origin Pro 8 (OriginLab).
4. Results
4.1. NMR spectroscopy of Mg(II) and PsaF binding to Pc
Addition of a large excess of Mg(II) ions to Pc in 20 mM phosphate
buffer (pH 6.0) results in a perturbation of the diamagnetic chemical
shift of the 1H-15 N HSQC cross peaks for most of the backbone amide
groups. This is exempliﬁed in Fig. 1A which shows that the cross
peaks from D42, E43, E59 and K81 are signiﬁcantly shifted (ΔδNH≥2
data points, see Eq. 6) while other amide groups display smaller
shifts. From the summary in Fig. 2A one can see that the signiﬁcant
perturbations are localized to the two acidic patches of Pc (residues
42–45 and 59–61) and to residues in the ranges 81–85 and 93–96.
A gradual increase in the Mg(II) concentration results in continu-
ous changes in the chemical shifts, characteristic of fast chemical-ex-
change processes (Eq. 5). Although there is no simple relation
between the magnitude of the perturbations and actual structural
changes, the titration data can be used to estimate equilibrium con-
stants. A binding curve consisting of a single hyperbolic function
(Eqs. 3 and 5) was ﬁtted to the data points for each amide group as
exempliﬁed in Fig. 1B (full line). Although slightly better ﬁts could
be obtained by including a contribution from a second binding site
(Fig. 1B, dashed line), a model with a single binding site was sufﬁcient
to account for 90% or more of the binding curves for all amide groups.
The resulting dissociation constants for the Pc-Mg(II) complex are
shown in Fig. 2B for those backbone amide groups that are signiﬁ-
cantly shifted. The average value amounts to Kd=4.9 mM with a
standard deviation of 1.7 mM for both the 1H and 15 N data. Thus
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Fig. 1. A) Selected region of the 1H-15 N correlation spectra for 380 μM 15 N-Pc in 20 mM phosphate (pH 6.0) in the absence and presence of 18.8 mMMg(II) in green (light gray) and blue (dark gray), respectively. Arrows indicate signiﬁcant
chemical-shift changes as deﬁned by Eq. 6. B) 1H chemical-shift perturbations for Pc residue K81 upon the addition of Mg(II) (0–20 mM). A single-site (full line) or a two-site binding model (dashed line) has been ﬁtted to the experimental
data (circles) using Eq. 3. A dissociation constant of 3.6 mM was obtained in the ﬁrst case while dissociation constants of 0.14 and 4.9 mM and relative amplitudes of 0.1 and 0.9, respectively, were obtained in the second case. C) Super-
position of 1H-15 N correlation spectra for 850 μM 15 N-Pc in 20 mM phosphate (pH 6.0) in the absence and presence of 50 μM Mn(II) in green (light gray) and blue (dark gray), respectively. D) Observed line width (FWHM) for 1H of Pc
residue K81 as a function of Mn(II) concentration (circles). A straight line (Eqs. 9, 10) has been ﬁtted to the data set.
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Fig. 2. A) The combined chemical-shift change, ΔδNH (Eq. 6), observed for the Pc backbone amide groups upon the addition of 18.8 mMMg(II) to 380 μM 15 N-Pc in 20 mM phos-
phate (pH 6.0). B) Dissociation constants obtained from ﬁtting single-site binding curves to the 1H (circles) and 15 N (squares) chemical shifts induced by Mg(II) ions for Pc residues
with signiﬁcant combined shifts.
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weak binding of Mg(II) to Pc in the vicinity of the acidic patches. In
addition, the data indicate secondary, even weaker binding sites for
Mg(II), or non-speciﬁc binding of Mg(II) to Pc.
In eukaryotic photosynthetic organisms the binding between Pc
and PSI is strengthened by electrostatic interactions with the mem-
brane-spanning subunit PsaF (see Introduction). We have recently
managed to isolate the lumen-exposed domain of PsaF, encompassing
residues 1–79, and showed that it can bind to Pc with speciﬁc salt
bridges [20]. Addition of this PsaF protein to Pc results in perturba-
tions of the Pc 1H-15 N HSQC spectrum as exempliﬁed in Fig. 3A.
The cross peaks which are signiﬁcantly shifted when PsaF is in large
excess belong to residues E45, I46, I55, M57, K81 and K94. A gradual
increase of the PsaF concentration induces continuous shifts of the
peaks, characteristic of a fast-exchange process. A global ﬁt of hyper-
bolic binding curves to the data for residues E45, I46, I55, M57, E60,
K81 and K94 (Fig. 3B) yields a dissociation constant of Kf=1.4 ±0.2 mM for the Pc-PsaF complex. Furthermore, gradual addition of
Mg(II) ions to a sample already containing Pc and saturating amounts
of PsaF results in a continuous change of the PsaF-induced spectrum
towards the Mg(II)-induced spectrum reported in the previous para-
graph (Fig. 3A). This shows that Mg(II) ions and PsaF compete for the
same binding site on Pc. From the chemical-shift changes observed
for the transition to the Mg(II)-induced spectrum, a global ﬁt to the
data results in an apparent dissociation constant Kd''=(12 ± 4) mM
for the competing binding of Mg(II). The true dissociation constant
Kd for the Mg(II) binding site can then be calculated from the follow-
ing relation (Eq. 20), giving Kd=3.8 mM.
K ′′d ¼ Kd∙ 1þ PsaF½ =Kf
 
ð20Þ
This is similar to themean value 4.9 mM found above for theMg(II)
binding to Pc alone.
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Fig. 3. A) Superposition of 1H-15 N HSQC spectra for 350 μM 15 N-Pc in 25 mM phosphate (pH 7.5) and 10 mM NaCl (green/light gray), in the presence of 3 mM PsaF (black) and
when 17.5 mMMg(II) has been added (blue/dark gray). B) The 15 N chemical-shift change (ΔδN) induced by additions of PsaF is plotted for all signiﬁcantly shifted residues as
well as for the upper acidic-patch residue E60. Labeling scheme: E45 (ﬁlled squares), I46 (ﬁlled circles), I55 (open circles), M57 (open inverted triangles), E60 (ﬁlled triangles),
K81 (open circles) and G94 (open triangles). A one-site binding model has been ﬁtted to the data with a global ﬁtting procedure where the dissociation constant was forced to
be the same while the individual chemical-shift amplitudes were allowed to vary. This resulted in a dissociation constant of (1.4 ± 0.2) mM. C) The 1H chemical-shift change
(ΔδH) induced by additions of Mg(II) to the Pc/PsaF complex. Labeling scheme: E43 (open circles), K81 (open triangles) and side-chain amide group of Q88 (open squares). A global
ﬁt of a one-site binding model to the data sets has been made as in B) and resulted in an apparent dissociation constant of (12 ± 4) mM.
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EPR spectroscopy was used to verify whether Mn(II) can be used
as a paramagnetic analogue of Mg(II) in the case of Pc. At room tem-
perature hexaquo Mn(II) displays a characteristic X-band EPR spec-
trum consisting of six lines centered at g=2.00 (not shown). The
9.5 mT separation of the lines is due to hyperﬁne coupling between
the unpaired electron spin and the 55Mn nucleus (I=5/2). The
peak-to-peak width of each ﬁrst-derivative line (ΔB) is 2.6 mT. This
width is known to have a signiﬁcant contribution from homogenous
broadening, due to modulation of the zero-ﬁeld splitting by collisions
with water molecules (see Theory). Using Eq. 17 one can estimate that
the transverse relaxation time of the electron spin is 3.3 ns at the
X-band EPR magnetic ﬁeld (0.34 T) which corresponds to a 1.7 mT
contribution to ΔB. The amplitude of the EPR signal from free Mn(II)
decreases when Pc is added to the solution (Fig. 4) and there is no in-
dication of a signal from bound Mn(II). Similar behavior has been ob-
served for Mn(II)-binding to for example pyruvate kinase and
carboxypeptidase A [22]. A likely explanation is that the relaxation
is faster by a factor of three or more for the bound Mn(II) compared
to the free ion. This would result in a width comparable to the hyper-
ﬁne splitting and disappearance of the room-temperature signal.
Titration experiments were made with two different buffers at a
ﬁxed concentration of 50 μM Mn(II) and variable concentrations of Pc
up to 0.7 mM. Fig. 4A shows the decrease in the hexaquo Mn(II) signal
upon addition of Pc in 20 mMTris (pH 7.0). Non-linear ﬁtting of a single
hyperbolic binding curve (Eq. 7, neglecting binding of Mn(II) to Tris) to
the data gives a Kd value of 0.24 mM. A simple Scatchard plot resulted in
Kd=0.26 mM and 1.25 binding sites (not shown).
When the buffer is changed to 20 mM phosphate (pH 6.0), the
same as used in the NMR titrations reported above and below, an ap-
parent K'd of 0.64 mM is obtained from a curve ﬁtting (Fig. 4B). How-
ever, the observed K'd is higher than the true Kd for the Pc-Mn(II)
complex due to a competing binding of Mn(II) to phosphate ions.
From Eq. 8 one obtains K'd=1.85∙Kd and thus, the true Kd for the Pc-
Mn(II) complex is 0.34 mM, 14 times smaller than the mean value
found for the Mg(II)-binding site. The slightly weaker binding ob-
served with EPR at pH 6.0 compared with pH 7.0 is probably due to
a competing protonation of Pc.0.0 0.2 0.4 0.6
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Fig. 4. The concentration of free Mn(II) monitored as the amplitude of the hexaquo Mn
((II) EPR signal upon additions of Pc. 50 μM Mn(II) in 20 mM Tris (pH 7.0) (A) or
20 mM phosphate (pH 6.0) (B) was used together with Pc at varying concentrations.
Single-site binding models have been ﬁtted to the data sets resulting in apparent disso-
ciation constants of 0.24 (A) and 0.64 mM (B).4.3. NMR spectroscopy of Mn(II) binding to Pc
It is clear from the above results that Mn(II) can be used as a para-
magnetic analogue of Mg(II). As exempliﬁed in Fig. 1 C, addition of
small amounts of Mn(II) (50 μM) to Pc (850 μM) results in a broaden-
ing in both the 1H- and 15 N-dimensions of some of the backbone
amide-group cross peaks. A few of the peaks are broadened beyond
detection already at this concentration, namely those from residues
43–45 in the lower acidic patch. Upon further additions, the width
of other peaks increases linearly with increasing Mn(II) concentra-
tions (see Fig. 1D for an example). However, the Mn(II) ions do not
perturb the chemical shift of the cross peaks (Fig. 1 C). The lack of
paramagnetic shifts is as expected for Mn(II) (see Theory) while dia-
magnetic shifts of the type observed in the Mg(II) titration would
be too small to be seen at the low concentrations used in the Mn(II)
titration (0–200 μM).
The Mn(II)-induced increase of the line width in the 1H dimension
was quantiﬁed for 25 of the backbone amide groups by ﬁtting straight
lines to the data (Fig. 1D). The slope, dw/dc, was found to range from
around 10 Hz/mM for some of the residues up to 522 Hz/mM for the
A52 residue. A lower bound for dw/dc of 600 Hz/mM can be estimat-
ed for the peaks that are broadened beyond detection (residues 43–
45).
In general, one expects a PRE due to random collisions of the para-
magnetic probe with the protein. This so-called solvent PRE increases
with the concentration and decreases with the distance of the nuclear
spin from the solvent-accessible surface of the protein [23]. There is
no correlation between dw/dc and the distance from the surface for
the investigated Pc amide groups. However, since Pc is a small protein
(99 amino acids), folded in a β-barrel structure, there is no large
variation in the depth from the surface for the amide groups. Therefore,
it is likely that the line-width increase is caused by two processes: A
solvent PRE of similarmagnitude for all amide groups and an additional
PRE by Mn(II) ions bound at a speciﬁc site and dependent on the dis-
tance to the amide group. For the latter process, an approximately linear
increase in line width is as expected for a fast-exchange process at low
ligand concentrations (Eqs. 9 and 10).
As explained in the Theory section, the PRE of a protein nuclear
spin is largely due to a distance-dependent dipolar coupling with
the unpaired electron of the paramagnetic probe. For a given probe
location one can use Eq. 18 to calculate the expected line-width in-
crease (dw/dc) for all nuclear spins depending on their position.
The coordinates of the backbone amide-1H nuclei were obtained
from the crystal structure of spinach Pc [37] as described in Materials
and Methods. Then a grid search was performed in which the location
of the Mn(II) ion was varied over the whole crystallographic unit cell
that encloses the Pc molecule. A best ﬁt to the observed line-width
data, i.e. one which minimizes the sum of the squared residuals, is
obtained for a location close to the lower acidic patch (residues 42–
45). As shown in Fig. 5, the model function decreases with the sixth
power of the distance and levels off at a value w0 which represents
the solvent PRE. Variations in w0 as well as in Kd' and τ result in
other best-ﬁt locations of the Mn(II) ion. If the latter parameters are
ﬁxed at the values suggested in the Theory section, a variation of w0
moves the Mn(II) ion approximately along a line extending from
the amide group of Tyr 83 and into the solvent. An overall best ﬁt
(the one used in Fig. 5) is found for w0=15 Hz/mM and the Mn(II)
location showed in Fig. 6. The ﬁgure shows the solvent-accessible sur-
face of Pc, colored according to the observed increase in backbone
amide-1H line width (dw/dc), together with the crystal water mole-
cules reported in PDB ﬁle 1AG6. To this has been added a hypothetical
octahedral hexaquo Mn(II) complex at the coordinates (3.7, 57.4,
14.6) Å and with Mn-O bond lengths of 2.3 Å based on tabulated
ionic radii [38]. The closest distance from the complex to the Pc sur-
face is 4.2 Å, measured between a Mn(II)-coordinated oxygen atom
to one of the carboxylic oxygen atoms of E43.
Fig. 6. The PRE-based structure of the complex between Pc and hexaquo Mn(II). The
surface of Pc is shown with bound crystallographic water from PDB ﬁle 1AG6 together
with a hypothetical hexaquo Mn(II) complex at the coordinates (3.7, 57.4, 14.6) Å
determined from the grid search described in the text. The extent of Mn(II)-induced
line broadening is indicated with a gray scale on the Pc surface. A) and B) show two
different orientations where the molecule has been rotated 70º around a vertical axis.
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Fig. 5. The concentration-dependent increase in the 1H-line width induced by Mn(II)
(dw/dc) for the 25 indicated backbone amide groups of Pc as a function of the distance
to the Mn(II) ion. A location of the Mn(II) ion at the coordinates (3.7, 57.4, 14.6) Å in
PDB ﬁle 1AG6 was determined from the grid search described in the text. The line-
width increase for E43 has been set to 900 Hz/mM although the peak is broadened
beyond detection already at the ﬁrst addition of Mn(II) (see Fig. 1 C).
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The data reported here suggest that Mg(II) and Mn(II) ions can
bind to Pc at a speciﬁc location, close to the lower acidic patch. The
Mn(II) ion is not directly coordinated to the protein. Rather, it
seems that the hexaquo ion is entrapped in the hydrogen-bonded
network of protein-bound water molecules and further stabilized by
electrostatic attraction to the acidic patches of Pc. This is consistent
with a rather weak binding characterized by a Kd value of 0.34 mM
for Mn(II) at pH 6.0. As a comparison, Kd=70 μM for Mn(II) binding
to pyruvate kinase [22]. The peaks that experience strong PRE upon
Mn(II) addition correspond to those peaks that are signiﬁcantly
shifted upon Mg(II) addition. Thus the two cations seem to bind to
the same site.
The binding of Mg(II) is 14 times weaker (Kd=4.9 mM) than for
Mn(II), presumably due to the smaller ionic radius of the former
[38]. However, it is comparable to the dissociation constant of 7 mM
found for the binding of hexaquo Mg(II) to a major groove of a
group I intron ribozyme [39]. Binding of hexaquo Mn(II) to the
same site as hexaquo Mg(II) was also reported for this system, but
only a lower limit of 0.1 mM was given for the dissociation constant
of hexaquo Mn(II). A similar situation seems to be the case for Pc, in
which Mg(II) binds as an hexaqua complex close to the acidic patches
of Pc in the same way as Mn(II) does.
As summarized in the Introduction, the acidic patches are involved
in electrostatic interactions with the PS1 subunit PsaF in the case of
eukaryotic photosynthetic organisms. This is further strengthened
by the NMR results reported here. Addition of the isolated PsaF lumi-
nal domain to Pc results in peak shifts for certain Pc backbone amide
groups, in particular for several belonging to the acidic patches. The
Pc-PsaF dissociation constant obtained from the data, 1.4 mM, is of
similar magnitude as found for the Pc-Mg(II) complex, Kd=4.9 mM.
Indeed, addition of Mg(II) ions to Pc-PsaF results in a replacement
of bound PsaF by a Mg(II) ion which is bound close to the lower acidic
patch. The apparent dissociation constant Kd'' for the latter equilibri-
um amounts to 12 mM which can be accounted for by Eq. 20 in the
Results section using dissociation constants of 1.4 and 3.8 mM for
the Pc-PsaF and Pc-Mg(II) complexes, respectively.
Binding of Pc to a complete PSI complex is expected to be stronger
than for the luminal domain used here, since there is an additionalinteraction between the Pc hydrophobic patch and the PSI reaction
core (see Introduction). Previous in vitro studies of cation effects on
the electron transfer from Pc to various preparations of PSI [3–8]
can also be analyzed qualitatively with Eq. 20 in the Results section.
For this one has to replace [PsaF] and Kf with the PSI concentration
used in these studies and the dissociation constant Kp of the complete
Pc-PSI complex, respectively. Then one can infer that the rate of elec-
tron donation from Pc to PSI would drop to half maximal at Mg(II)
concentrations around 30 mM (= Kd''), as can be estimated from the
mentioned studies, if Kd and Kp are of the order of 5 mM (as found
here) and a few micromolar, respectively. The latter value is consis-
tent with current estimates and also as expected if one takes into ac-
count the two interaction areas between Pc and PSI in eukaryotic
organisms. The total binding free energy should be given approxi-
mately by the sum of the two contributions, the hydrophobic and
acidic patches on Pc interacting with the PSI reaction core and PsaF,
respectively. Then Kp=Kh⋅Kf where the latter dissociation constants
correspond to the two contributions. Thus, if Kh is of the same order
of magnitude as the value Kf=1.4 mM found here, Kp is expected to
be in the micromolar range.
One may speculate if a competition between PsaF and Mg(II) ions
for the same binding site on Pc serves as a regulating mechanism in
vivo since the cation is redistributed between the stroma and lumen
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high in the thylakoid lumen. In the dark, about 25% of all the chloro-
plast Mg(II) reside in the lumen [40]. Since the ratio of stromal to lu-
minal volumes is approximately 15 [41] and the Mg(II) concentration
in chloroplasts is 18 mM under normal growth conditions [1], one can
estimate that the total concentrations of Mg(II) are 14 and 85 mM in
the stroma and lumen, respectively, in the dark. However, most of the
ions are bound to phosphate ions, dicarboxylic acids and the thyla-
koid membrane surface [42]. For example, it has been estimated that
the concentration of free Mg(II) ions in the stroma is only 1–3 mM
[42], that is, of the order of 10% of the total stromal concentration.
Concomitant with the light-driven translocation of protons into
the lumen, Mg(II) ions are released to the stroma. This leads to a
drop in the total luminal concentration from 85 to 40 mM or less
[41]. However, as for the stroma, it is likely that a large fraction of
the ions are bound to different sites. If we assume that the fraction
of free Mg(II) is 10%, as for the stroma, then illumination may lead
to a drop from about 10 to a few mM of free ions. This would lead
to a signiﬁcant release of Mg(II) ions bound to Pc if Kd is of the
order of 5 mM as found in the present work, enabling Pc to bind to
PsaF. Thus it seems feasible that variations in the luminal Mg(II) con-
centraion may modulate the Pc-PSI binding during the light–dark
transitions, being stronger in the illuminated state.
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